(Dated: 4 March 2020)
Aquation free energy profiles of neutral cisplatin and cationic monofunctional derivatives, including triaminochloroplatinum(II) and cisdiammine(pyridine)chloroplatinum(II), were computed using state of the art thermodynamic integration, for which temperature and solvent were accounted for explicitly using density functional theory based canonical molecular dynamics (DFT-MD). For all the systems the "inverse-hydration" where the metal center acts as an acceptor of hydrogen bond has been observed. This has motivated to consider the inversely bonded solvent molecule in the definition of the reaction coordinate required to initiate the constrained DFT-MD trajectories. We found that there exists little difference in free enthalpies of activations, such that these platinum-based anticancer drugs are likely to behave the same way in aqueous media. Detailed analysis of the microsolvation structure of the square-planar complexes, along with the key steps of the aquation mechanism are discussed.
I. INTRODUCTION
The discovery of the anticancer activity of cisplatin (Scheme 1) during the 60's has promoted fast development of platinum(II)-based drugs which are currently found in chemotherapy regimens (see Refs. 1-4 for reviews). Despite few successes for some of them in curing specific cancers, eg. the treatment of testicular cancer with cisplatin, their efficiency against the broad spectrum of carcinoma remains limited. The main challenges to overcome are: (1) the elimination of the severe side effects related to their poor selectivity a) Electronic mail: lionel.truflandier@u-bordeaux.fr arXiv:2003.01418v1 [physics.chem-ph] 3 Mar 2020 with respect to the tumor cells, and (2) the resistance -either intrinsic (static) or evolutionary (dynamic)-, observed for some types of cancer. [5] [6] [7] Solving the first problem requires the design of new drug delivery strategies, 3, 4 which ideally prevents the degradation of platinum complex in the blood stream and allows for a precise targeting of the tumor tissue. Solution to the second problem implies heuristic methods, such as the structure-activity relationship (SAR), 2, 8 from which a huge number 8 of platinum(II)-based drugs and platinum(IV)-based prodrugs were synthesized and tested as many attempts to mimic the cisplatin's mechanism of action while trying to improve the cytotoxic properties. As a result of 30 years of trial and error less than 30 platinum drugs have been considered for clinical trials, with only 2 of them (carboplatin and oxaliplatin) approved wordwilde for clinical used. 1, 4 Whereas highthroughput synthesis and screening 9 of drug candidates may provide rapid -but partialsolutions to an urgent problem, understanding and controlling every details of cisplatin's mechanism constitutes a safer -but far more longer-route towards a rational design of a universal platinum-based anticancer molecule. The process by which cisplatin (and bifunctional derivatives) leads to cell death is now rather well understood. 10, 11 It is divided into 4 main steps: (i) the cellular uptake, (ii) the aquation/activation (Scheme 1) in the cellular media, (iii) the DNA platination, that is, bifunctional intra-and interstrand crossed-links via the fomation of 2 covalent bonds between the metal center and the purine bases, and (iv) the DNA-damage recognition initiating apoptosis, or cell-cycle arrest eventually followed by an attempt to repair the lesion. In elucidating each step of the mechanism, atomistic computations and simulations based on either (classical) molecular, quantum, or mixed molecular/quantum mechanics can provide important insights. At the pure quantum mechanics level of theory, some of the efforts were devoted to investigate the hydration structure of the square-planar Pt-complexes [12] [13] [14] in response to some experimental evidence 15, 16 showing unusual bonding situation -referred as to inverse-hydration-where the Pt atom acts as a hydrogen-bond acceptor. Energetic contributions [17] [18] [19] and topological analysis, 20 along with minute details on the influence of the bulk solvation effects have been extensively discussed in literature. 19, 21, 22 Another interest which is also closely related to our concern is the activation of cisplatin after the cellular uptake of the platinum drug. The aquation reaction (also loosely called hydrolysis) represented on Scheme 1 through the substitution of one or both chloride ligands of cisplatin by water molecules was recognized as a crucial step to initiate DNA platination. 23 The proof of concept is carboplatin [24] [25] [26] featuring the cyclobutanedicarboxylate in replacement of the chloride leaving ligands of cisplatin. It demonstrates much more slower aquation and DNA platination rates but displayed similar crossed-link sites. 27 To access more details on the aquation of cisplatin and derivatives, many theoretical works have focused on computing activation barriers using static molecular clusters and implicit solvation models. 28 When applied for modelling aqueous reactions, insights arising from this type of computations remain limited since they do not account properly for the dynamic reorganisation of solvation shell surrounding the molecule, especially when the solvent is one of the reactant. More advanced but computationally demanding methods can be envisaged where bulk and microsolvation effect are treated on equal footing using density functional theory molecular dynamics (DFT-MD) along with free energy path evaluation based on metadynamics further refined by umbrella sampling. 29, 30 Alternatives to DFT-MD, such as the reference interaction site model self-consistent field 31, 32 (RISM-SCF) can also be employed. 33 From the last ten-years research focussing on reducing the tumor-cell resistance to bifunctional cisplatin and derivatives, it has been shown that monofunctional analogues [34] [35] [36] can be considered as potent candidates. [37] [38] [39] Monofunctional platinum(II)-based drugs are cationic square-planar complexes (Scheme. 2) of formula [Pt(NH 3 ) 2 (N-heterocycle)Cl] + , deriving from the triammine-chloro precursor [Pt(NH 3 ) 3 Cl] + , later referred as to aminoplatin. In a systematic investigation of the cancer-cell responses with respect to the heterocyclic N-donor ligand bound to the metal, it has been demonstrated 40 that the size and the arrangement of the aromatic rings affects drastically the cytotoxic and selectivity properties of the monofunctional platinum(II) drugs. As a matter of fact, whereas aminoplatin was found to be biologically inactive, phenanthriplatin, and to a lesser extent pyriplatin, presents a remarkable potency, 41 exceeding in the majority of the cases the anticancer activity of cisplatin. 40, 41 This work aims to investigate the aquation reaction of Pt(II) complexes using state of the art thermodynamic integration coupled to DFT-MD simulations to determine if cationic monofunctional derivatives present differences in the free energy profiles and mechanism of reaction. The paper is organized as following: Section 2 provides methodological and computational aspects related to the DFT-BOMD simulation and blue moon ensemble (BME) integration. Results and discussion are presented in Section 3. The paper concludes with a brief summary of the key findings and an outlook.
II. COMPUTATIONAL DETAILS

A. DFT-BOMD simulations
All the DFT-MD simulations reported in this article were performed on the Born-Oppenheimer (BO) surface, where the Kohn-Sham (KS) self-consistent-field (SCF) equations are solved at each step of the dynamics using the Conquest code. [42] [43] [44] A strictly localized (atomic-like and finite range) numerical double-ζ basis set [45] [46] [47] including polarisation functions (DZP) for expanding the valence wavefunctions along with norm-conserving pseudopotentials 48 (NCPP) were especially designed for this work. Thereafter, this basis set will be referred as pseudo-atomic orbitals (PAO). Using a benchmark of isolated Pt complexes, reliability of the PAOs were checked against molecular calculations based on gaussian-type orbitals (GTO). Additional computational parameters related to the PAOs and NCPPs generation along with their assessments can be found in the Sec. S1 of the Supporting Information (SI). The KS-SCF equations were solved within the framework of the generalized gradient approximation (GGA) of the exchange-correlation functional proposed by Perdew, Burke, and Ernzerhof (PBE). 49 This choice of GGA functional was more pragmatic than idealistic. It is well established (see Refs. 50,51 for recent studies) that the PBE functional yields to a "glassy" state of liquid water at ambient temperature preventing a fully quantitative agreement with experiments. Nevertheless, also important for this work, it has been demonstrated that the same functional is able to reproduce the inverse-hydration feature. 52 Solvation of the platinum complexes has been modeled using cubic simulation boxes with 63 water molecules adapted in size to reach an average density of 1.0 g·cm −3 . For cationic complexes, the excess of positive charge was balanced by substituting water molecule with hydroxide anion keeping the overall charge of the supercell neutral. For the DFT-BOMD simulations, ionic cores were propagated using the velocity Verlet algorithm 53 with a time step of 0.5 fs, for which a SCF convergence criteria of 10 −7 on the residual of the electronic density, and a grid spacing of about 0.20 au were found sufficient to prevent any energy drift during microcanonical simulations. The same set of convergence parameters were used for NVT -ensemble simulations using a Nosé-Hoover chain 54,55 of 5 thermostats with a frequency of 500 cm −1 .
B. Blue moon ensemble integration
The hydrolysis free energy profiles of cisplatin and its derivatives were calculated using thermodynamic integration via the blue moon ensemble (BME) technique. 56 Given a reaction coordinate, ξ ≡ ξ({r i }), which in general depends on a subset of the N atomic positions {r i }, the variation of free energy between some initial state, ξ 0 , up to the current value of ξ can be expressed as:
Integration is performed numerically through the sampling of the reaction coordinate using a discret set of n ξ target values {ξ }. The free energy gradient -also referred to as (minus) the mean force-in Eq. (1) is evaluated for each ξ from a constrained MD trajectory where ξ − ξ = 0 is enforced. Following BME Lagrangian formulation of Sprik and Ciccotti, 57 the mean force writes
for which k B and T are the Boltzmann constant and temperature, respectively. The Lagrange multiplier, λ ξ , associated with constrained coordinate ξ, defines the strength the constraint force updated at each MD step. [58] [59] [60] The remaining terms are given by,
where m i designates the mass of the ith nucleus. In Eq. (1), the notation · ξ stands for the canonical ensemble average performed for each target value ξ . Around 20 values were used for the reaction path discretization. Ensemble averages performed at T = 310 K were obtained from production runs of 2.5 ps subsequent to 1.0 ps of equilibration. Free energy errors were estimated by the method of Jacucci and Rahman. 61
III. RESULTS AND DISCUSSION
A. MD analysis and reliability aminoplatin pyriplatin To assess the quality of our DFT-BOMD simulations, the liquid structure of the solvated Pt-complexes were analysed via the radial distribution function (RDF) -leading to the pair correlation function g(r)-and the power spectral density (PSD) of the velocity autocorrelation function (VACF) -leading to the vibrational density of states (VDOS). The methodology used for the calculations of these properties can be found in the SI of Ref. 52. For each system, RDFs (VDOS) were computed from a NVT (NVE ) production run of 10 ps performed after a NVT equilibration step of 15 ps. The PSD was refined using the Welch window function with 8 non-overlapping segments of 512 data points. 64 Analysis and a brief discussion of the solvent RDFs and VDOS in light of previous studies are given in Sec. S2 of the SI. Below we shall concentrate on the solute structural and vibrational signatures.
Selected mean bond distances and angles obtained from the microcanonical BOMD simulations are collected in Table I for all the Pt-based reactants investigated in this work. For cisplatin, when compared to previous DFT-MD simulations using the same XC functional but a different implementation, 13 a nice agreement is observed. By comparing across the set of platinum complexes the deviations of the Pt-ligand mean bond distances and angles with respect to gas phase optimized strutures, we can isolate two systematic effects of aqueous solvent: (i) an increase of the Pt−Cl bond length, (ii) a net decrease of the N−Pt−N angles. Analyses of the g(r) associated to the solvent-solute interactions given in Figure 3 allows for interpreting the systematic effects in terms of ligand hydration shells.
As already discussed in Ref. 52 for cisplatin, the NH· · · O w g(r) shows that the first and second hydration shells of each NH 3 group integrates around 1 and 8 water molecules, respectively. This also applies to the other platinum complexes (cf. Table II ). The fact that the ligand solvation shell is only weakly affected by the variety of ligands bonded to the Pt atom and the charge state of the solute is confirmed by the Cl· · · H w g(r) plotted on Figure 3 , where each Cl atom integrates in the first neighbor region 2 waters molecules, independently of the system. The second shell is more difficult to discussed due to the limited resolution of the peaks. Nevertheless, in light of this results, (i) can be directly attributed to the Cl· · · H w hydrogen bonds perturbing the Pt−Cl bond strength, whereas (ii) is an indirect consequence of the ammonia group hydration where the preferential arrangement of NH 3 from a static gas-phase optimisation -with one of the hydrogen atom pointing towards the closest Cl lone pair-is lost, relaxing the constraint on the Cl−Pt−N angles of the square planar complexes. Note that, as shown in Table I , a polarizable continuum model (PCM) applied to static isolated solute is able to simulate these two features, demonstrating the concomitant contributions of specific and non-specific solvent effect. In Table III is compared selected structural parameters extracted from the RDFs for cisplatin and the mono-aqua derivative in regard to the previous studies based on DFT-MD. 13, 22, 30 Even if the results were obtained from different implementations and exchange-correlation functionals -preventing an unbiased comparison-we observe an overall agreement which, besides validating the reliability of our implementation, suggests minor impact of (i) the Another important step in the assessment process of our DFT-MD simulations is to ensure that the characterisitic vibrational modes of the solute and solvent were properly activated. Partial VDOS obtained for cisplatin, aminoplatin and pyriplatin are plotted on Figure 4 . As external references, Raman and infra-red theoretical spectra of the isolated molecules are also reported. They were calculated on top of the stationary points obtained at the PBE-GTO-DZP level of theory including a PCM. 63 Here, it is worth to recall that VDOS heights computed from the Fourier transform of the VACFs are not to be compared with spectroscopic intensities, and to emphasize that even if the underlying semiclassical theory involved in evaluating the VDOS -based on the classical propagation of the nuclei on the BO potential energy surface-is quite different from the response function computed from analytic (or numerical) derivatives -based on the harmonic approximation-their comparisons remain valuable for routine checks. As expected, cisplatin and aminoplatin vibrational spectrum are similar in many respects since the Pt center is surrounded by the same type of ligands. In both cases the bond-stretching modes: N−H (> 3200 cm − Pt−N (∼ 500 cm −1 ) and Pt−Cl (∼ 300 cm −1 ) are observed as well as the NH 3 rocking and symmetric/asymetric deformation signatures, found around 800 and 1300/1300 cm −1 , respectively. 13, 66, 67 For pyriplatin, the complexity of the vibrational spectra is increased by the contributions of the pyridine ligand, with the stretching modes: C−H (∼ 3250 cm −1 ), C−C/C−N (in the range 1100 to 1500 cm −1 ), the skeletal bending modes along with the out-of-plane C−H wagging (∼ 1000 cm −1 and 700 cm −1 ). As shown on Figure 4 , VDOSs extracted for the DFT-BOMD is in fair accordance with the theoretical spectra, such that, given the level of theory PAO-DZP-PBE, we can be confident in the reliability of our simulations when applied to free energy profiles calculation.
B. Inverse hydration
We shall now focussed on the inverse-hydration taking place in the axial region of the square-planar Pt(II) complexes (Scheme 5). It can be observed at the beginning of each MD movies provided in the SI. The hydrogen-like bonding between a water molecule and the metal center following a H-ahead orientation is easily revealed by analysing the g PtO (r) and g PtH (r) available on Figure 3 . First we note that for all the systems investigated in this work a non-negligible probability of having a Pt· · · (H 2 O) w contact is observed at an intermolecular distance of around 2.4Å. The poorly-resolved peaks obtained for the Pt· · · H w (Pt· · · O w ) g(r) in the range 2 to 3 (3 to 4)Å illustrate the motion or/and the exchange of H 2 O with other solvent molecules in close proximity, eg. those available from the Cl hydration shell(s). Another important insight is brought by the height of the peaks, cf. the Pt· · · H w (Pt· · · O w ) g(r) around 2.4 (3.4)Å, indicating a net decrease of the contact occurrence when going from neutral to positively charged complexes. Quantification of the Pt· · · H 2 O contact is provided in Table IV for the bi-and monofunctional platinum anticancer drugs, through the evaluation of the Pt(H) and Pt(O) coordination numbers, noted n PtH and n PtO , respectively. Due to the broad shape of the peaks, a set of two integration radius (r int in Table III ) were used independently of the complex. For neutral cisplatin, n PtH is evaluated to be within the interval [0.5, 1.4], along with [0.7, 6.4] for n PtO . Note that for larger r int , it is likely that the value of the coordination numbers also incorporate H 2 O molecules from the NH 3 and Cl ligand solvent shells. For the set of positively charged complexes, the probability of Pt· · · (H 2 O) w contact is significantly reduced from n PtH = [0.2, 0.9] for mono-aqua cisplatin to n PtH = [0.1, 0.7] for pyriplatin. For this set, variations of n PtO seems to be more affected by the type of ligand, for which, monoaqua cisplatin n PtO presents values similar to its neutral parent, whereas for aminoplatin and pyriplatin the coordination number is lowered to [0.5, 6.7] and [0.4, 5.3], respectively. These results corroborate the work of Kroutil et al. 22 which showed, among other findings, that: (i) H w coordination number decreases with increasing positive charge of the complex, (ii) given a state charge (+1 in our case) the H-ahead orientation toward the Pt atom is strongly dependent on the hydrogen bond network formed by the nearby ligands. We refer the reader to this reference for extended discussion on this topic which also includes energetics consideration. Concerning now the second part of this work dealing with evaluation of the hydrolysis free energy profiles of reaction (1) and (2) , among all the water molecules accessible within the solute first solvation shell, it seems quite reasonable to consider the inversely bounded water molecule as the reactant.
C. Hydrolysis free energy profiles
The choice of the reaction coordinate ξ is an important point in BME integration which can be a delicate issue when little is known about the chemical reaction. In this work, we have relied on the broad (experimental and theoretical) litterature agreeing that cisplatin aquation(s) is a one step process, eg. the S N 2-like mechanism, for which the reactants (R) and products (P) are connected by a single transition state (TS). From this assumption, a rapid analysis of the corresponding saddle point (optimized with a quantum chemistry code) shows that the characteristic imaginary frequency is related to the Cl−Pt−O antisymmetric stretching mode together with the in-plane rotation of the NH 3 group in trans position (Scheme 5). This led us to consider the difference of distance [68] [69] [70] [71] for the reaction coordinate:
where O is the oxygen atom of the H· · · Pt bonded water molecule. Configurations used to initiate the constrained DFT-BOMD trajectories were extracted from the canonical ensemble simulations discussed in Sec. III B. Note that variations of (Helmholtz) free energies as computed from Eq. (1) were directly converted to (Gibbs) free enthalpies since we did not observe any strong variation of pressure during the thermodynamic integration which would have significantly modified the final enthalpy values. Free energy reaction paths are displayed in Figure 6 along with the free enthalpies of activation (∆ ‡ G) and reaction (∆ r G) collected in Table V . Concerning the second hydrolysis of cisplatin performed via the monoaqua complex, two set of BME calculation were produced: the first with Cl − as counterion following the first hydrolysis (later abbreviated by monoaqua[Cl]), the second from afresh NVT equilibration in which Cl − has been replaced by OH − (abbreviated by monoaqua[OH]). From Figure 6 we observe very similar energy profiles from the attack of the water molecule up to the transitions states. Evaluated ∆ ‡ G for cationic monofuntional species are found to be lower of about 1 kcal · mol −1 than the reference value of 25 kcal · mol −1 obtained for the neutral parent. The presence of the Cl − counterion during the second hydrolysis of cisplatin tends to slightly decrease the barrier, but without dramatic effect. Indeed, major deviations between aquation profiles are found after the TS. This lead to noticeable differences in the values of ∆ r G, for which we found that the aminoplatin aquation is endothermic by 3 kcal · mol −1 compared to 8 for cisplatin, pyriplatin and moaqua[Cl], whereas for moaqua[OH] the free enthalpy of reaction reach the value of 10 kcal · mol −1 . It is tempting to compare these values to available experimental data. This should be done with lots of care owing to: (i) the large amount of papers dealing with this subject, which comes generally with the same amount of differences in experimental condition, (ii) the limitations of our model in reproducing these conditions. As a result, even if the pH of the aqueous media can impact significantly the kinetic of the reactions -as shown in the comprehensive study of House and coworkers 72-74 -we must emphasize that the precision reach by the BME simulations remains far from the chemical accuracy required to discuss variation in activation energies below 1 kcal · mol −1 . ? From Refs. 72,73,75-79 we can establish a consensus on the experimental free enthalpy (at ambient temperature) for both, the first and second aquation, to be between 23 and 24 kcal · mol −1 . The experimental values for the cationic aminoplatin and pyriplatin are expected to be within this range. 40 A consensus on the endothermic property of the aquation reactions can also be drawn, with ∆ r G for cisplatin experimentally evaluated to be in the range 3-10 kcal · mol −1 . 72, 73, 78 Our results which are in line with experimental data should not be overinterpreted. Whereas we are quite confident in the reliability of the computed BME activation enthalpies, the thermodynamic quantities must not be considered as definitive. The limited size of cell can not prevent intramolecular ion pair contact to occur (the outermost Cl· · · Pt distance being of 6.5Å). For aminoplatin, the larger error bars on the integrated free energy observed at the late stages of the reaction suggest that the final ∆ r G is not fully converged.
In order to gain some insights into the reactants motion and solvent reorganisation along the reaction path, visual inspection of the constrained MD movies is quite instructive. Representative examples are provided in the SI for cisplatin and pyriplatin. For all the complexes investigated similar trends in the evolution of skeletal bond parameters and solvent shell relative to the reactant constrained dynamics were found. The study cases of cisplatin and pyriplatin aquations are depicted in Figures 7 and 8 , where the variation of selected structural parameters are plotted as a function of ξ. At the beginning of the reaction (ξ < 0), the square planar structure with the inverse-hydration is globally conserved in both cases. In this regime, for cisplatin, the net decrease of the Pt· · · O bond length (d PtO = 3.8 → 2.7Å) is accompanied by a weaker increase of the Pt· · · Cl distance (d PtCl = 2.4 → 2.7Å) whereas the N−Pt−O (α), O−Pt−Cl (β) and Cl−Pt−N (γ ) angles oscillate around mean values of 100, 85 and 175 • , respectively. These observations also hold for pyriplatin with slight differences in values. For cisplatin, magnitude of the variations along ξ observed for α and β, which are much higher than for γ, indicates that the constrained water molecule remains free to visit the axial region of the square-planar complex. It seems to be less pronounced for pyriplatin. The difference in lability of the inversely bonded H 2 O between the two complexes is apparent when comparing the standard deviation (std) of the Pt· · · H distances plotted on Figure 8 . For cisplatin we occasionally observe that these distances collapse towards a single value, eg. at ξ = (−1. pyriplatin respectively, the inversely bonded H 2 O is activated via the ion-dipole orientation depicted in Scheme 5 with d PtO 2.5 and d PtH 3.0Å. For cisplatin, when ξ > 0.1 (ξ > 0.3 for pyriplatin), the rotation of the NH 3 group is engaged leading to the TS. Note that, within the TS region, reported Pt· · · H distances and angles are weakly affected compared to the rotation angles (α, γ). By identifying on Figure 7 the skeletal parameters corresponding to the maximum of free energy, it seems that the cisplatin TS is closer to a square pyramidal structure than a trigonal bipyramid as observed in gas phase calculations. 28 With α γ 140 • a trigonal pyramid can be clearly assigned to pyriplatin. For ξ > 0.9, the water molecule is fully coordinated to the metal center with a typical bond length d PtO 2.1 A, and the Cl anion is released to bulk water. Inspection of the cisplatin BME integration movie at ξ = 1.15 reveals that the singularity on Figure 8 is due to the departure of one of the H 2 O-ligand proton towards the solvent shell. From Figure 7 , looking to the Pt−N and unconstrained Pt−Cl mean bond lengths, it is interesting to outline that the corresponding ligands are spectator of the reaction in agreement with the in-plane symmetry of the transition state. This is well exemplified by the mean angle δ = (α + β + γ)/3 which remains fixed to 120 • with standard deviation not exceeding 10 • for both cases, showing that there are only weak perturbations from outside the N−O−Cl plane.
By visualizing the constrained MD trajectories reported in the SI, it is rather clear that the activated water molecule is embedded in a hydrogen-bond network throughout the whole course of the aquation reaction. To quantify the number of first nearest neighbor solvent molecules surrounding the H 2 O-reactant and Cl-product, the coordination numbers n OOw , (n OHw ,n HOw ) and n ClHw are plotted on Figure 8 as a function of ξ. They were evaluated from the ensemble averages (cf. Sec. II B) by integrating the corresponding RDFs up to standard radii 51,80 of 3.2, 2.5 and 2.9Å, respectively. Even if at first sight the evolution of n is somewhat erratic due to the short time sampling, we can extract some relevant trends. At the beginning of the reaction, the inversely bonded water molecule integrates around 3 solvent molecules respecting its H-bond donor [1] /acceptor [2] step, the average number acceptor-type H-bond continue to diminish whereas donor-type stabilizes to 2. The evolution of the H 2 O-reactant H-bond network contrasts with the global increase of the solvent shell size surrounding the Cl-product. Due the limited size of the model n ClHw never really stabilized to the reference value comprised between 5 and 6 as obtained for free solvated chlorine anion. 80 Finally, the BME aquation profiles and their analysis suggest that the aquation reaction of cisplatin and its monofunctional derivatives presenting a Cl-leaving group is likely to be independent of the charge state the type and number of N-donor ligands despite variations in the mobility and microsolvation of the activated water molecule. Even if conditioned by the choice of coordinate, the inverse hydration followed by the ion-dipole orientation seems to be a prerequisite to reach the transition state.
IV. CONCLUSION AND OUTLOOK
In this work, reliable DFT-MD simulations of the aquation process of cisplatin and a set of monofunctional platinum anticancer drugs have been performed using constrained dynamics in conjuction with BME thermodynamic integration. Given the level of theory, accuracy of about 1 kcal · mol −1 has been reached on the activation barrier. For the set of squareplanar Pt(II) complexes, it is found that the kinetic of the reaction is independent of the ligands and the charge state. It seems that the free enthalpies of reaction differ from a few kcal · mol −1 from one complex to another, and counterions can impact the thermodynamic quantity with variations in the same range of magnitude. This result need to be confirmed by performing larger scale DFT-MD simulations. We conclude that it is likely that the mono and bifunctional platinum anticancer drugs behave the same way during the time lapse between the cellular uptake and the DNA platination.
From a computational point of view, such kind of approach alleviates many intricacies related to modelling chemical reactions in aqueous solvent which are commonly based on isolated molecule approximation where thermodynamic quantities are computed from the ideal gas approximation. Even if the protocol used here is computationally expensive, we believe that it will become a routine task in near future along with the possibility of increasing the system size and using more sophisticated exchange correlation functionals, especially with the Conquest code which have been developped to perform large scale DFT simulations. This work opens the way for futur high level theoretical investigations of the anticancer activity of monofuntional platinum complexes which are important steps for approaching in silico design of new potent drugs.
